Abstract-The DVB-S2 coding standard has seen widespread use in many radio frequency (RF) communications applications. The availability of commercial-off-the-shelf (COTS) intellectual property (IP) that can be used to rapidly prototype and field communications systems makes this well-performing, standards-based approach to forward error correction (FEC) coding extremely attractive. In this paper, we evaluate the application of the DVB-S2 coding standard to an asymmetric satellite communications channel. The uplink comprises a fading optical link employing binary differential phase-shift keyed (DPSK) modulation, while the downlink comprises an RF link employing 16-ary amplitude and phase shift keyed (16-APSK) modulation. To simplify the payload implementation, hard-decision uplink demodulation is considered with uplink channel state information transmitted on the downlink for soft-decision decoding in the ground-based receiver. Additionally, we outline many of the trade offs in the overall system design, and some performance results of a baseline design are presented.
I. INTRODUCTION
While most current wireless networks employ radio frequency (RF) links between nodes, recent hardware and technology advances in optical frequency links make such links viable in near-term applications. The high data rates over unregulated frequencies that optical links provide, as well as their relatively low power consumption, make them attractive to replace RF links in some circumstances.
In addition to the challenges of using optical frequency links relating to the mechanical design and hardware development for the optical subsystems themselves, some communication problems also arise. For example, free-space optical signals may encounter faded propagation environments that are much more extreme than those typically encountered by RF signals.
Also, the design of relays that have the capability to bridge heterogeneous links is challenging. Relaying a signal received on an optical link over an RF link typically precludes an amplify-and-forward approach. For such a link, the primary options for the relay design are to demodulate-and-forward or to decode-and-forward. Although the decode-and-forward option has the potential to provide superior performance, this performance must be weighed against the complexity of the relay node's hardware and the actual operating region of the overall source-relay-destination link.
In this paper, we consider the design of a satellite communications system consisting of a source node, a destination node, This work was sponsored by the Department of the Air Force under Contract FA8721-05-C-0002. Opinions, interpretations, conclusions, and recommendations are those of the authors and are not necessarily endorsed by the United States Government. and a relay node. All communication between the source and the destination takes place through the relay node, which is in this case a satellite. The link between the source and the relay is optical, and the link between the relay and the destination is RF. The organization of the paper is as follows. Section II describes the overall communications systems including the coding, interleaving and modulation chosen for both the optical and RF communication links. Section III describes the models used to analyze performance over the two links. Section IV outlines the system-level architectural trades that were made in developing an overall system design. Finally, Section V concludes our work.
II. HETEROGENEOUS OPTICAL/RF SATELLITE COMMUNICATIONS SYSTEM
A diagram of a heterogeneous optical and RF communications system is shown in Figure 1 . The system components include an optical transmitter, a space-based optical receiver and RF transmitter, and an RF ground-based receiver. Without loss of generality, communication in one direction only (optical uplink, RF downlink) is considered in this paper.
Shown in Figures 1 and 2 are examples of two different configurations of the same heterogeneous optical and RF satellite communications system. The optical transmitter in both cases sends an optically modulated DPSK communications signal on the uplink to the satellite. Figure 1 shows a system where the satellite receiver demodulates the DPSK signal, but does not decode the demodulated signal, and re-transmits the signal using 16-APSK modulation on the RF downlink. We call this configuration "end-to-end decoding." The satellite in the system shown in Figure 2 further processes the demodulated signal by deinterleaving and decoding on board the payload before re-encoding, re-interleaving and re-framing the signal for transmission on the RF downlink. We call this satellite configuration "full payload processing." Channel degradations on the uplink include optical fading and additive white Gaussian noise (AWGN). Only AWGN in the RF channel degrades the signal transmitted on the downlink. Encoding and interleaving mitigate the impact of fading and receiver noise. Framing is used to delineate DVB-S2 codeword boundaries and to reserve data bits for transmission of channel state information. The channel state information includes information on the fading depth experienced by each transmitted uplink frame. If the signal is only demodulated, not decoded, on the satellite, this channel state information is needed to properly bias the log-likelihood ratio (LLR) inputs to the soft-decision decoder on the ground.
A. Optical Transmitter
High data rate laser transmitters using DPSK modulation have been built and demonstrated as described in [5] . The optical communications transmitter considered in this paper is similar to the optical transmitter described in [4] . Data entering the optical transmitter has been encoded according to the DVB-S2 commercial standard [7] , then interleaved and framed. The DVB-S2 standard supports a large range of code rates which allows the design of a system that can adapt to the optical and RF channel conditions. In the best case scenario of Cloud Free Line of Sight (CFLOS) communication and low atmospheric turbulence, a high rate code can be employed to maximize the channel data rate. In the nominal operating condition which is assumed to be CFLOS with moderate to high levels of atmospheric turbulence resulting in optical channel fading, a lower rate code is employed for additional link robustness. In addition to the DVB-S2 coding, a convolutional interleaver is employed to help mitigate the effects of optical channel fading. Convolutional interleavers are attractive due to their memory efficiency and self-synchronization characteristics [3] .
In this paper, we show results of the analysis of the communications system operating under nominal conditions. In this case we use a rate-1 2 DVB-S2 code which, in addition to being a fairly strong code, is also the optimum code rate to be transmitted using non-coherently detected DPSK modulation. This optimality is demonstrated in Figure 3 where we show the number of photons per bit required as a function of code rate to achieve error-free performance with an infinitelength codeword for non-coherently demodulated DPSK. These results are shown for both a soft decision and a hard decision decoder in an AWGN channel with and without fading.
Interleaver performance can be described in terms of the ratio of the interleaver depth to the coherence time of the optical fading channel. According to [2] , an interleaver with a ratio of ≈ 64 performed within 0.25 dB of the performance expected with an infinite-length interleaver for an optical communications channel similar to the one considered in this paper. We chose to use an interleaver with a ratio of ≈ 100, and our analysis shows 0.15 dB performance loss with a DVB-S2 code using this finite-length interleaver compared to an infinitelength interleaver.
The convolutional interleaver used in this paper is described in [3] where parameters N and B define the interleaver delay and the extent to which an individual codeword is spread over that delay. In Figure 4 we see the extent that the convolutional interleaver spreads the data as the parameter N varies over the range of 2 to 10,000. The B parameter was constrained by the parameter N such that the interleaver delay was ≈ 100 times the coherence time. In Figure 4 , a fragment of a single codeword is represented as a single dot. We see that for small values of N, a single codeword fragment is spread to discrete periods of time. For N ≈ 100, the codeword is spread almost continuously over the entire interleaver depth, as evidenced by the continuous line over the duration of the interleaver delay in Figure 4 .
B. Satellite Communications Payload
An attractive feature of DPSK modulation is the ease with which it can be non-coherently demodulated in an optical receiver. A block diagram of a non-coherent DPSK demodulator is shown in Figure 5 . The input optical signal is preamplified before being split and passed through an interferometer which delays the signal for the time duration of a single code bit. The sum and difference of the amplified signal and delayed amplified signal are then envelope detected using a photo detector. Figure 5 shows the output of the photo detectors being passed through an analog-to-digital converter (A/D) for a soft decision output or through a comparator for a hard decision output.
The framing applied to the data as shown in Figure 1 in the optical transmitter contains two fields, a reference sequence and an error count. After the payload demodulates the data sent from the optical transmitter using the circuit in Figure 5 , it correlates the data against a reference sequence to locate the frame boundaries. The number of bit errors in the demodulated reference sequence can be used to estimate the error rate encountered by each frame in the optical fading channel. This number populates the error count field in the frame header when the frame is retransmitted on the RF downlink.
After the correlation is performed and frame boundaries are established, the data is then mapped to a 16-APSK constellation point, modulated and transmitted on the RF downlink. The constellation points used are those described in the DVB-S2 standard with a minor modification. The standard only specifies inner-to-outer ring radii ratios ( 1 γ ) that are optimal for the DVB-S2 16-APSK code rates, which does not include a rate-1 2 code. Note that we chose the rate-1 2 code for this system because it provides significant performance enhancements in the presence of channel fading (see Figure 3 and related discussion in Section II-A). The optimum ratio 1 γ a for rate-1 2 code is shown in Figure 6 which plots the modulation constrained capacity for 16-APSK constellation and a rate- 
C. RF receiver
The ground-based RF receiver demodulates the received 16-APSK modulated signal and performs frame synchronization. After frame headers are located, fine frequency and timing adjustments are made to the received signal before LLRs are computed, then de-interleaved and provided to the decoder.
III. COMMUNICATION CHANNEL MODELS
The uplink channel was modeled using an optical channel fading time series that was obtained via the parallel optical propagation software (POPS) tool described in [6] . A particular optical communications channel was assumed for analysis purposes. From the POPS tool time series we were also able to measure the channel coherence time. As mentioned above, the convolutional interleaver depth was then set to be ≈ 100 times as long as the coherence time of the channel. In addition to the uplink fading, AWGN further corrupts the optical uplink as well as the RF downlink as illustrated in Figure 1 .
The measured coherence time of the channel model was also used to choose the appropriate framed length. It is desirable for the frame length to be short enough that a single fade value accurately approximates the fade level seen by all the bits in the frame. This estimated fade level is used to compute the LLRs provided to the decoder in the ground-based receiver (or in the payload of the satellite in the case of payload decoding).
In addition to the use of a strong rate-1 2 code and channel interleaving, measuring and applying the optical channel state information is a third means to mitigate the effects of fading. The LLRs supplied to the decoder can and should include information regarding the uplink channel state experienced by each bit. The general expression for the LLR on the uplink optical channel shown in Figure 7 is given by:
In the case of hard-decision payload decoding, the uplink becomes a binary-symmetric channel, and the input to the decoder on the payload becomes a LLR calculated using the cross-over probability, p, which is determined according to the state of the fading channel over which a particular code bit was transmitted:
If decoding is not done on the payload, then the uplink channel state information should be used to form the LLRs that are the inputs to the decoder on the ground. In the case of harddecision end-to-end decoding, the input to the decoder is a LLR calculated using the cross-over probability, p ul , of the uplink channel experienced by a particular code bit, along with the cross-over probability, p dl , on the downlink AWGN channel:
For practical considerations such as payload complexity and downlink channel throughput, we do not consider in our analysis (beyond the system level trade discussion in Section IV) either soft-decision payload decoding or groundbased decoding using soft-decisions on payload bits. However, it is feasible to consider using soft information from an A/D in the ground-based receiver along with the uplink channel state information for each bit to calculate a more refined LLR input to the end-to-end decoder:
Appropriately biasing the LLR inputs to the decoder by including information from the uplink channel state becomes increasingly important as the uplink fading channel deteriorates with increasing atmospheric turbulence. Figure 8 shows the photons per bit required for error-free communication when decoding with and without channel state information. The required photons per bit are given for a range of code rates Optical fading channel capacity with and without channel state information for a DPSK modulated signal. assuming a DPSK modulated signal (the code rate is determined by the number of channel symbols per bit for a DPSK modulated signal).
IV. DVB-S2 RELATED ARCHITECTURAL TRADES
There exist two major system trades related to the choice of DVB-S2 for this communications system. The first trade is the choice between either simple payload processing (demodulation and re-modulation only) or full payload processing (demodulation, decoding, re-encoding, and re-modulation performed on the satellite). The second trade is between softdecision and hard-decision decoding.
A. End-to-end decoding vs. payload decoding
The satellite payload could be implemented two ways as shown in Figures 1 and 2 . The first option shown in Figure 1 would be for the satellite payload to demodulate the optical uplink DPSK signal, make hard decisions on the demodulated symbols, and map these hard decisions to a 16-APSK constellation symbol for transmission on the downlink. We refer to this implementation as "end-to-end decoding." This is the simplest of the two options considered, and results in a less-complicated satellite payload. In addition to the obvious advantage of not needing to decode and re-encode the signal on board the satellite, there would also be no need to deinterleave the signal or calculate LLR inputs for the decoder. All of the hardware needed to perform channel de-interleaving and high speed decoding of the DVB-S2 code would be in the ground-based receiver. This would reduce satellite payload size, weight, and power (SWaP). Simpler electronics also eases the process of space-qualification of the satellite payload.
The second option shown in Figure 2 is to perform full payload processing by adding decoding and re-encoding to the processing done on board the satellite. This is more complicated than the first option, but yields benefits which are reflected in the system link budget. We refer to this implementation as "full payload processing." Either hard or soft-decision decoding could be performed on the satellite, and this trade is discussed in Section IV-B. The payload would need to include memory sufficient to perform channel deinterleaving of the demodulated code bits. These code bits would need to be converted to LLRs as described in Equation 2 if hard-decision decoding is to be performed, or Equation 1 in the case of soft-decision decoding. Finally, the payload would also require a high speed decoder. Once the data was decoded, it would need to be re-encoded, re-interleaved, and re-modulated before transmission on the RF downlink. Figure 9 shows the performance of the DVB-S2 code applied to the heterogeneous optical/RF system considered in this paper assuming that end-to-end decoding with either soft or hard decisions is implemented. The overall performance is a function of the noise level on both the optical uplink fading channel (x-axis) and the RF downlink channel (y-axis). It is clear that the curve becomes asymptotic at high SNRs on either axis. This means that if there is sufficient SNR on either the uplink or the downlink, the performance of the system is determined by the conditions on the other link. For example, if there is 14 dB or more SNR on the RF downlink, only the minimum number of photons per bit (≈ 6 dB) is required on the uplink to achieve the desired end-to-end performance (i.e., close the link). However, if the system was limited on the RF downlink to the minimum SNR of (≈ 7 dB), then the number of photons per bit required to close the link falls on the optical asymptote at ≈ 11 dB.
When full payload processing is performed, the uplink is decoupled from the downlink and the system performance can be represented as a single point in Figure 9 , rather than an entire curve. In this case the SNR needed to close the RF downlink is independent of the number of photons per bit required to close the optical uplink. Therefore, the data point corresponding to full payload processing shown in Figure 9 has as its coordinates the minimum values for RF downlink SNR and optical uplink photons per bit.
It is interesting to note that the single point associated with performance of full payload processing coincides with the asymptotes of the end-to-end decoding performance on both the optical and RF axes. If either the optical or the RF link happens to be considerably stronger than the other link, as is often the case of heterogeneous systems, then the endto-end decoding option yields similar performance to that of full payload processing. In other words, if the RF link has a sufficiently high SNR, then there is no performance benefit in terms of a reduced number of photons per bit obtained by choosing full payload processing over end-to-end decoding. By employing a sufficiently large ground station antenna, only the minimum number of photons per bit on the optical link are required to close the link without the need for full payload processing. In this scenario, the system reaps the performance advantages of full-payload processing with the reduction in payload complexity that comes with end-to-end decoding.
B. Soft-decision decoding vs. hard-decision decoding
The second system trade we consider is the choice between hard-decision and soft-decision decoding. The performance difference between soft-decision and hard-decision decoding for the optical fading channel analyzed in this paper is shown in Figure 3 . For non-coherently demodulated DPSK, this difference is just over 1 dB. This result was experimentally verified for the DVB-S2 rate- The soft decisions themselves would have to be deinterleaved before decoding which would increase the memory storage requirements of the de-interleaver on the satellite payload. In addition, since downlink throughput is limited, softdecision decoding of the uplink is only practical if it is done in the payload. Otherwise, all of the soft information would have to be transmitted on the downlink leading to an unacceptable amount of bandwidth expansion.
To summarize, the difficulty of employing soft decision decoding is that to do so (a) practically requires the use of payload decoding, (b) requires an A/D converter, (c) increases the memory storage requirements of a satellite payload de-interleaver since multi-bit LLRs would need to be deinterleaved, and (d) increases the bandwidth of data flowing into the FPGA/ASIC processing elements on board the satellite payload. This is a significant price to pay in order to achieve the relatively modest 1 dB expected gain in performance.
V. CONCLUSION
We have considered the design of a heterogeneous optical to RF wireless link including an optical source, satellite relay, and ground-based RF receiver. In this paper we have described some of the choices in waveform design made for this system, including details related to framing, choice of optical and RF modulation, choice of DVB-S2 code and code rate for the error correcting code, and description of the channel interleaver needed to mitigate the effect of the optical fading channel.
We have outlined two of the major trades related to the choice of DVB-S2 coding: the choice between full payload processing and end-to-end decoding, and the choice between hard and soft-decision uplink decoding. The analysis of DVB-S2 code performance over the uplink optical fading channel described in this paper and a downlink RF channel has led us to make the choice of end-to-end decoding for our communications system. This choice was made to simplify the space-qualified hardware in the satellite payload. However, we have shown that the performance of full payload processing can be achieved with end-to-end decoding. This can happen with the addition of a large ground-based receiver antenna which results in an opticalto-RF relay link with performance dominated by the optical fading channel due to the high SNR encountered on the RF link in most operating scenarios. The choice of end-to-end decoding removes the option of soft-decision decoding from the trade space since this would need to be performed on the satellite payload in a practical system. Instead we recommend a method that we describe of improving the soft-decision decoding of the RF downlink by including channel state information of the optical fading channel into the LLR of each codebit entering the decoder.
